consequence of these procedures depends in part on primary injury that occurs during ischemia and in part on secondary damage that occurs during reperfusion. Severe hepatic I/R injury causes not only liver failure but damage to other organs (14) . Inflammatory events that occur during reperfusion lead to disruption of the integrity of the vascular endothelium and sinusoids, platelet aggregation, immunocyte activation (monocytes/macrophages, Kupffer cells, neutrophils), chemokine and cytokine secretion, and complement activation (32, 45) .
Induction of chemokines has been suggested as a possible contributory factor in I/R injury-induced inflammation (28) . Certain chemokines act as activators of neutrophil and monocyte diapedesis in the early stages of reperfusion injury (9) and may function as chemotactic molecules. A 2A adenosine receptors (A 2A AR) have been shown to be anti-inflammatory and to reduce I/R injury in liver (2, 17) as well as in spinal cord (12) , heart (11), kidney (38) , and lung (44) . Pharmacological data suggest that A 2A AR activation also causes liver protection from I/R injury, but these studies have been somewhat inconclusive due to the limited selectivity of the compounds used. In this study, we sought to better define the effects of A 2A AR activation on protection of the liver from I/R injury and to determine whether suppression of hepatic inflammatory chemokine production plays a role in this protection. We show that the potent and highly selective agonist of the A 2A AR, 4-{3-[6-amino-9-(5-ethylcarbamoyl-3,4-dihydroxy-tetrahydro-furan-2-yl)-9H-purin-2-yl]-prop-2-ynyl}-cyclohexanecarboxylic acid methyl ester (ATL146e), produces a profound protection of wild-type C57BL/6 mice from liver I/R injury that is absent in congenic animals lacking the A 2A AR gene. We also show for the first time that both CC and CXC chemokines, such as major intrinsic protein (MIP)-1␣, MIP-1␤, regulated on activation, normal T cell expressed, and presumably secreted (RANTES), and IFN-␥-inducible protein (IP)-10 are all induced after liver I/R injury and that this induction is suppressed by ATL146e.
MATERIALS AND METHODS
ATL146e was a gift from Jayson Rieger of Adenosine Therapeutics (Charlottesville, VA), and ZM241385 was a gift from Simon Poucher of AstraZeneca Pharmaceuticals (Cheshire, UK). Model 1003D minipumps were from Alza (Palo Alto, CA); glutamyl pyruvic transaminase (GPT) kit 505 was from Sigma (St. Louis, MO); blood collection tubes (cat. no. SS2E-06) were from StatSpin (Norwood, MA); RNAzol B was from Leedo Medical Laboratories (Houston, TX); RiboQuant multiprobe RNAase protection systems were from BD PharMingen; rat anti-mouse anti-neutrophil antibodies (MCA771G) were from Serotec; biotinylated rabbit anti-rat secondary antibody was from Vector Labs (Burlingame, CA); and peroxidase ABC elite kit was from Vectastain.
Marker-assisted genetic selection. Mice with the disrupted A 2AAR gene (13) B6;129P-adora2a tm1jfc were moved onto a C57BL/6 background by using 96 microsatellites for five generations of markerassisted breeding. In the resulting mouse line, DNA derived from the 129 strain of mouse can be detected only in an 8-cM region between D10Mit31 and D10Mit42 surrounding the adora2a locus on chromosome 10. Male mice 10-12 wk of age or sex-and age-matched C57BL/6 mice (Hilltop) were housed in a facility accredited by the American Association for Accreditation of Laboratory Animal Care according to National Institutes of Health guidelines. The University of Virginia Animal Care and Use Committee approved experimental procedures.
Surgical protocol and drug treatment. Mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Robinul-V (0.05 mg/kg), was delivered subcutaneously before the operation. Ambient temperature was controlled in the range of 24 -26°C. Mice were placed on a 37°C heating pad. Core body temperature of some animals was monitored by using a TH-8 Thermalert monitoring thermometer (Physitemp) and maintained at 36-37°C by a TCAT-1A temperature control and alarm unit. After midline laparotomy, a microaneurysm clip was applied to the hepatic triad above the bifurcation to clamp the flow of the hepatic artery, portal vein, and bile duct. After superfusion of the liver with warm saline, the peritoneum was closed during 60 min of ischemia. The peritoneum was then reopened and the microaneurysm clip was removed. Immediately after reperfusion was initiated, each mouse received an IP loading dose (usually 1 g/kg) of ATL146e alone or with an equimolar concentration of the selective A 2AAR antagonist ZM241385 or vehicle in 200 l of warm saline. A primed Alzet osmotic minipump was placed intraperitoneally. ATL146e (usually 10 ng⅐kg Ϫ1 ⅐min Ϫ1 ) alone or with equimolar ZM241385 or normal saline vehicle was placed in the pumps and delivered until the experiment was terminated 24 h later. The surgical wound was closed with metal staples.
Serum GPT determination. Serum GPT, also known as alanine aminotransferase or ALT, was measured by using a transaminase kit. Twenty microliters of undiluted or 10ϫ-diluted serum was mixed with 100 l preheated alanine-␣-ketoglutarate substrate and incubated in a 37°C water bath for 30 min. Sigma Color Reagent (100 l) was added and incubated at room temperature for 20 min. The reaction was stopped by the addition of 1.0 ml of 0.4 N sodium hydroxide. Absorbance at 505 nm was measured and converted into SigmaFrankel units (0.48 Sigma-Frankel unit/ml ϭ 1 IU/l).
Liver MPO. Mouse livers were removed after 24 h of reperfusion after ischemia. The tissue was immediately submerged in 10 volumes of ice-cold 50 mM KPO4 buffer, pH 7.4, and homogenized with a Tekmar tissue grinder. The homogenate was centrifuged at 15,000 g for 15 min at 4°C, and the supernatant was discarded. The pellet was washed twice, resuspended in 10 volumes of ice-cold 50 mM KPO4 buffer, pH 7.4, with 0.5% hexadecyltrimethylammonium bromide, incubated at 60°C for 2 h, and then sonicated. The suspension was subjected to three freeze/thaw cycles. Samples were sonicated for 10 s and centrifuged at 15,000 g for 15 min at 4°C. Supernatant was added to an equal volume of a solution consisting of o-dianisidine (10 mg/ml), 0.3% H2O2, and 50 mM KPO4, pH 6.0. Absorbance was measured at 460 nm over a period of 5 min (24) .
Liver edema. Factional liver water content was measured as (wet weight Ϫ dry weight)/dry weight. To correct for minor fluctuations in calculated tissue water content between experiments, this ratio was normalized to sham controls included with each experimental group. In sham livers, the fractional water content ranged from 1.8 to 2.0.
Complete blood count studies. Peripheral whole blood was collected from the retroorbital fossa of anesthetized mice. Blood (100-150 l) was collected into a capillary glass tube coated with EDTA and then transferred to another EDTA-coated sample collection tube. Complete blood counts were analyzed by HEMAVET (CDC Technologies, Oxford, CT).
Ribonuclease protection assays. Total liver RNA was extracted from homogenized tissue with RNAzol B. Liver RNA was fractionated by 1.5% agarose gel electrophoresis to assess the integrity of RNA before solution hybridization. Cytokine and chemokine mRNA expression were assessed with the RiboQuant Multiprobe RNAase protection system according to the manufacturer's protocol. In brief, mRNA-specific RNA probes were labeled with [ Each kit also contained probes for the housekeeping genes ribosomal protein light 32 (L32) and GAPDH. Total liver RNA was subjected to solution hybridization at 56°C with each probe set. After RNase digestion, protected fragments were separated by electrophoresis for 4 h on 5% polyacrylamide gels at 100 mV. Gels were exposed to Kodak MS film at Ϫ80°C with intensifying screens.
Histology and immunocytochemistry. Livers were harvested after 24-h reperfusion after ischemia, fixed in 4% paraformaldehyde in PBS, pH 7.4, and embedded in paraffin. Four-micrometer sections were subjected to standard hematoxylin and eosin staining. For immunostaining of neutrophils, tissue sections were incubated with primary anti-neutrophil antibodies (1 g/ml) followed by biotinylated rabbit anti-rat secondary antibodies (2.5 g/ml).
Data presentation and analysis. The results of each figure are derived from animals that were analyzed in the same experiment. Comparisons of wild-type and adora2a knockout mice used congenic animals of the same age and sex. Statistical analyses utilized one-way ANOVA and Tukey's post test to compare all groups or the Bonferroni post test to compare individual pairs of data.
RESULTS

ATL146e attenuates liver I/R injury in radioligand binding
assays. ATL146e is a highly selective agonist of the A 2A AR (43) . Inhibitor constant (K i ) values for the high-affinity conformation states of human adenosine receptor subtypes are (in nM) 77 A 1 , 0.2 A 2A , Ͼ100 A 2B , and 45 A 3 . By comparison, the A 2A K i of the widely used A 2A -selective agonist CGS-21680 is 4.9 nM, or 24.5-fold higher than ATL146e. Figure 1A shows the effect of ATL146e to inhibit liver I/R injury when administered for 24 h beginning at the time of reperfusion. Treatment consisting of an intraperitoneal loading dose of 1 g/kg and a subcutaneously Alzet minipump-infused dose of 10 ng⅐kg Ϫ1 ⅐min Ϫ1 for 24 h results in a 90% reduction in the liver injury marker serum GPT measured at 24 h and was used for subsequent experiments. This dose was chosen because infusion of ATL146e at 10 ng⅐kg Ϫ1 ⅐min Ϫ1 has been shown to produce maximal protection of the kidney from I/R injury and to be devoid of any effects on heart rate of blood pressure (38) . No additional liver protection was noted at higher doses (data not shown). Figure 1A shows that a lower concentration of ATL146e consisting of a loading dose of 1 g/kg and an infused dose of 0.1 ng⅐kg Ϫ1 ⅐min Ϫ1 also produced significant but submaximal protection. Figure 1B shows the time course of the effect of ATL146e to decrease serum GPT levels measured at various reperfusion times after 1 h of ischemia. Liver protection by ATL146e is evident within 3 h after reperfusion. (34) . Figure 2A shows that ZM241385 effectively abolishes tissue protection by ATL146e. As further evidence that ATL146e acts through A 2A ARs, we showed that ATL146e does not protect livers from I/R injury in A 2A AR knockout mice (Fig. 2B) . The C57BL/6 wild-type mice match the strain of mice lacking the A 2A AR used in this study. The magnitude of I/R injury after 60 min of ischemia in vehicle-treated wild-type animals is not statistically greater than in knockout animals (Fig. 2B ). This result is somewhat surprising, because we anticipated that endogenous adenosine produced in ischemic liver would exert some protective effect. To examine the possible protective role of endogenous adenosine further, we investigated the time course of injury in wild-type and A 2A AR knockout animals. Figure 3 shows that wild-type animals are less injured by I/R injury than knockout animals after ischemia times of 30 or 40 min, but this difference dissipates and is not statistically significant by 50 or 60 min. We conclude that endogenous adenosine imparts some degree of protection from I/R injury in wild-type animals, but compared with the synthetic agonist ATL146e, endogenous adenosine produces a smaller and more transient protection.
ZM241385 or deletion of the
Serum levels of GPT provide a relative measure of liver damage but do not provide a good sense of the absolute magnitude of injury. A more quantitative assessment of liver injury was provided by hematoxylin and eosin staining of liver 24 h after 1 h of liver ischemia. Necrotic tissue has a smooth pink appearance, whereas living tissue has a blue granular appearance. Figure 4 shows that 1 h of ischemia followed by 24 h of reperfusion causes severe liver necrosis (A and C) and confirms that ATL146e produces substantial protection from I/R injury in wild-type (B) but not in A 2A AR knockout animals (D). 1 Although equimolar ZM241385 and ATL146e were placed in Alzet minipumps, it is likely that plasma levels of ZM241385 reach higher levels due to its slower metabolism. The use of equimolar doses of the two compounds in minipumps was based on the preliminary finding that this dosing regimen was sufficient to fully block A2AAR-mediated responses. Fig. 1 . Dose-and time-dependent protection of liver from ischemia-reperfusion (I/R) injury by ATL146e. C57BL/6 mice were subjected to 60 min of liver ischemia followed by 24 h of reperfusion. A: ATL146e (ALT) was delivered immediately after reperfusion as an intraperitoneal loading dose of 10 ng/kg and an infused dose of 0.1 ng⅐kg Ϫ1 ⅐min Ϫ1 by Alzet minipump (ATL-low) or as a loading dose of 1,000 ng/kg and an infused dose of 10 ng⅐kg Ϫ1 ⅐min
Ϫ1
(ATL-high). Infusions were continued for 24 h, at which time serum glutamyl pyruvic transaminase (GPT) levels were measured. Each bar is the mean Ϯ SD of 8 mice. B: time course of liver I/R injury Ϯ ATL-high. Serum GPT levels were checked at 1, 3, 6, 12, and 24 h after the start of reperfusion. Each point is the mean Ϯ SD of 4 mice. SF, Sigma-Frankel. Fig. 2 . Blockade of ATL-146e-mediated liver protection by ZM241385 or deletion of the A2AAR gene. C57BL/6 mice were subjected to liver ischemia for 1 h and reperfusion for 24 h, at which time serum GPT levels were measured. A: ATL146e was administered Ϯ ZM241385 (ZM). B: ATL146e was administered to wild-type C57BL/6 or A2AAR knockout mice. Each bar is the mean Ϯ SD of 7-8 determinations.
Effects of ATL146e on liver edema and MPO activity. Liver I/R injury is associated with tissue edema. As shown in Fig.  5A , I/R injury increases liver water content in vehicle-treated animals, and ATL146e significantly attenuates this edema (P Ͻ 0.05). We also examined MPO as a biochemical marker of neutrophils and macrophages. As shown in Fig. 5B , animals treated with ATL146e have much less MPO activity than vehicle-treated animals. We noted above that liver protection by ATL146e assessed by serum GPT levels is lost in A 2A AR knockout animals. Figure 5 shows the same pattern of loss of protection in knockout animals on the basis of the other parameters of liver injury, i.e., tissue edema and MPO activity. We also examined the time course of MPO accumulation during liver reperfusion after 1 h of ischemia (Fig. 6) . Com- Fig. 3 . Time course of I/R injury in wild-type and A2AAR knockout mice. C57BL/6 wild-type or A2AAR knockout mice were subjected to liver ischemia for 30, 40, or 50 min followed by reperfusion for 24 h. Serum GPT levels were measured at 24 h after reperfusion. Each bar represents the mean Ϯ SD of 6 animals; *P Ͻ 0.01 compared with wild-type animals. pared with the extent of MPO activity after 24 h of reperfusion, very little MPO is detected at 2 h, but even at this early time point, MPO is significantly elevated by 2.5-fold over the time 0 control (Fig. 6, inset) . This could represent early margination of neutrophils to the walls of blood vessels during the first few hours of reperfusion injury. The pattern of neutrophil infiltration at 24 h after reperfusion is shown in Fig. 7 . Neutrophil accumulation is more extensive in necrotic than in living tissue (Fig. 7A) , and treatment with ATL146e reduces neutrophil accumulation particularly in living tissue (Fig. 7B) . In liver of animals lacking the A 2A AR, ATL146e has no effect on the extensive neutrophil accumulation seen even in living tissue (Fig. 7, C and D) . Many neutrophils are located within small blood vessels as shown in Fig. 7D ; these neutrophils may play a role in exacerbating reperfusion injury by inhibiting microvascular blood flow.
Effect of delaying treatment after reperfusion on liver protection by ATL146e. ATL146e gradually loses its ability to protect the liver from I/R injury (measured as GPT release at 24 h) when treatment is delayed after reperfusion (Fig. 8A) . The effect of ATL146e to reduce neutrophil accumulation in the liver after I/R injury is lost over a similar time frame, as shown in Fig. 8B . Most liver protection is lost if treatment is delayed beyond 2 h. However, it is notable that if treatment is delayed for as much as 1 h, ATAL146e is still very effective at reducing I/R injury. These data indicate that protection by the A 2A agonist is not limited to the first few minutes after reperfusion when there is a burst of oxygen radical production.
Effect of I/R injury on circulating leukocytes. Lymphopenia develops immediately following reperfusion after liver ischemia, and the blood lymphocyte count reaches its lowest level at 4 h (Fig. 9 ). Neutrophils accumulate in the blood within 2 h of I/R injury, and their numbers continue to increase for 8 h before declining. Accumulation of neutrophils may be due to release from the reperfused liver of cytokines that mobilize neutrophils from other tissues, such as bone marrow.
ATL146e suppresses chemokine and cytokine transcript induction in wild-type but not in A 2A AR knockout mice. We next examined the expression (at 24 h after reperfusion) of different cytokine and chemokine transcripts in hepatic tissue by ribonuclease protection assays. As shown in Fig. 10 IL-12p35, IL-12p40, LT-␣, LT-␤, TNF-␣, TGF-␤ 1 , TGF-␤ 2 or eotaxin were detected 24 h after I/R injury. Certain of these transcripts, such as TNF-␣, may have peaked and returned toward baseline expression within 24 h. Interestingly, the RNase protection assay data show that in normoxic liver, levels of MCP-1 transcript are somewhat higher in A 2A AR knockout mice than in wild-type mice (Fig. 10C) . This expression of MCP-1 in A 2A AR knockout animals could result in some constitutive chemoattraction into liver of monocytes, T cells, and natural killer (NK) cells.
DISCUSSION
Previous studies (2, 17) using the A 2A AR agonist CGS-21680 suggest that activation of A 2A AR protects rat liver from I/R injury. These conclusions are tempered by the fact that CGS-21680 has only limited adenosine receptor subtype selectivity, particularly over A 3 AR, and the concentration of the compound in various tissue compartments was not determined. Here, we utilize a more selective agonist, ATL146e, as well as a selective A 2A AR antagonist, ZM241385, and deletion of the A 2A AR gene to show convincingly that A 2A AR activation during reperfusion reduces by as much as 90% murine liver damage from I/R injury. ATL146e attenuates liver damage and inflammation as assessed by serum GPT, edema, MPO, histology, immunohistochemistry, and reduced induction of proinflammatory cytokine and chemokine transcripts. A 2A agonist treatment during reperfusion can be delayed for up to 1 h with little attenuation of protection. This suggests that A 2A agonistmediated protection occurs downstream of oxygen radical production that occurs early after reperfusion (Fig. 11) .
It has been shown recently that endogenous adenosine, by activating A 2A AR, can reduce injury in response to hepatic toxins (36) . Here we show that endogenous adenosine also produces some protection from liver I/R injury. This observation is consistent with the idea that endogenous adenosine is part of an innate mechanism to minimize tissue inflammation and injury. Compared with endogenous adenosine, ATL146e was found to produce much greater protection. This may be due in part to the greater stability of ATL146e than adenosine in blood, resulting in its greater accessibility to receptors on blood cells and vascular endothelial cells. Also, endogenous adenosine produced in the ischemic liver may rapidly dissipate during reperfusion and may have proinflammatory effects by activation of A 1 receptors on neutrophils (15) and A 3 receptors on mast cells (20) .
ATL146e reduces I/R injury in tissues other than liver, including kidney, skin (40) , and spinal cord. Although high concentrations of A 2A agonists produce vasodilation by acting on receptors on vascular smooth muscle, the doses of ATL146e Fig. 8 . Effect of delaying ATL146e administration on liver I/R injury. Wildtype mice were subjected to liver ischemia for 1 h and treated after various times of delay after the start of 24 h of reperfusion with ATL146e. Serum GPT (A) and tissue MPO activity (B) were measured. Each bar is the mean Ϯ SD of 6 animals; *P Ͻ 0.05 compared with vehicle. Fig. 9 . Time course of changes in peripheral blood cells during reperfusion after liver ischemia. C57BL/6 mice were subjected to liver ischemia for 1 h. Animals were killed at various times after the start of reperfusion to collect peripheral blood and measure lymphocyte number (A) and neutrophil number (B). Each point is the mean Ϯ SD of 9 animals.
found to produce tissue protection in previous studies are well below those required to change blood pressure. In the present study, we confirm that A 2A AR-mediated protection from I/R injury is conferred during reperfusion rather than during ischemia. These findings are consistent with the hypothesis that A 2A AR activation protects tissues from I/R injury resulting from inflammation initiated by a burst of oxygen free radicals that occurs at the time of reperfusion. Figure 11 shows a hypothetical scheme of the sequence of events leading from reperfusion to tissue necrosis that is supported by results of this and previous studies. A 2A AR activation may inhibit several steps in this scheme. Chemokines are induced during reperfusion by reactive oxygen species. In a murine myocardial I/R injury model, free radical scavengers have been demonstrated to preserve myocardial function only when administered before or immediately after reperfusion. This is probably because a free radical burst occurs during the first few minutes after reperfusion (6, 10, 49) . In transgenic mice overexpressing free radical savaging glutathione peroxidases, there is a reduction of chemokine expression during renal I/R injury (19) . Moreover, oxygen free radicals directly elicit chemokine production during the first two hours of liver reperfusion in a cytokine-independent manner (3, 7, 26) . These data suggest that there is a link between I/R injury and induction of inflammatory chemokines.
Most investigators agree that neutrophils contribute to I/R injury. If the primary target of A 2A AR activation is the neutrophil per se, then ATL146e would be expected to produce protection when it is delivered 4-8 h after reperfusion, at a time before a large increase in MPO activity in the reperfused tissue (Fig. 6) . In fact, ATL146e exerts little or no protection if treatment is delayed for 4 h after the start of reperfusion. Hence, we conclude that ATL146e probably suppresses early inflammatory events that precede the recruitment of large numbers of cells that contain MPO. Our RNase protection assay data show that MCP-1, MIP-1␣, MIP-1␤, MIP-2, RANTES, and IP-10 are all upregulated 24 h after reperfusion injury. Most of the upregulated chemokines are chemotactic to neutrophils and monocytes (25, 39, 46) . Possible cellular sources of chemokines are platelets, vascular endothelium, dendritic cells, tissue resident mast cells, macrophages, neutrophils, T and B lymphocytes, and/or hepatocytes (1, 35) . Chemokines may trigger the expression of adhesion molecules on vascular endothelium and circulating platelets and leukocytes. For example, P-selectin and ICAM-1 are expressed on the microvascular endothelium after renal I/R injury and the expression of these adhesion molecules is inhibited by ATL146e (37) . A 2A AR agonists also may inhibit adhesion of inflammatory cells to the endothelium via receptors that have been demonstrated on platelets, T cells, monocytes/macrophages, and neutrophils (27) . Other mechanism(s) by which A 2A AR activation may reduce I/R injury are by direct effects on vascular smooth muscle cells or hepatocytes.
Inhibition of CXC chemokine production from liver macrophages (Kupffer cells) decreases the degree of tissue damage from liver I/R injury (33, 50) . Neutralization of MIP-2 was found to protect brain and kidney from I/R injury (31, 48) , and neutralization of MCP-1 protects heart and brain (8, 22) . Upregulation of some of these chemokine transcripts may occur in response to free radicals produced during reperfusion or secondary to induction or other proinflammatory cytokines. For example, TNF-␣ (29), IL-1␤ (30), and IFN-␥ (23) have been reported to elicit release of chemokines from many cell types. It may be informative in future experiments to carefully explore the kinetics of chemokine and cytokine gene induction and to investigate the consequences of genetic deletion of certain of these inflammatory mediators.
It has long been thought that T cells are recruited in latestage (48-72 h) but not early-stage (24 h) reperfusion injury. However, recent studies (21, 41, 47) demonstrate recruitment of small numbers of T lymphocytes that participate in early I/R injury. RANTES has been proposed as a major mediator of antigen-independent T lymphocyte activation. RANTES can directly initiate T lymphocyte signaling, initially via a G protein-coupled pathway and later via activation of a tyrosine kinase pathway (4, 5) . Another chemokine transcript we found to be elevated after liver I/R injury, IP-10, is induced by INF-␥ and attracts activated T lymphocytes and NK cells by binding to CXCR3 receptors (16) . Hydrogen peroxide generated during reperfusion activates macrophages and T lymphocytes by inhibiting tyrosine phosphatases (42) . On the basis of our results, it is reasonable to hypothesize that A 2A R receptor stimulation inhibits the activation of T lymphocytes and/or macrophages that participate in I/R injury-induced chemokine induction during reperfusion before the recruitment of large numbers of monocytes and neutrophils (Fig. 11) .
